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Combined photoemission / current-voltage        







 This chapter presents current-voltage (J-V) measurements on in-situ prepared 
devices, consisting of 300 nm thick C60 layer between either two Au contacts or one Au and 
one Ag electrode. The J-V characteristics of both devices reveal asymmetric behavior. 
When electrons are injected from the bottom electrode, either Ag or Au, the J-V data are 
indicative of thermionic emission-diffusion behavior, consistent with energy diagrams of 
Ag / C60 and Au / C60 interfaces presented in the previous chapter. The electron injection 
barriers as determined from photoemission and inverse photoemission data are compared to 
the barriers obtained from temperature dependent (J-V) measurements. 
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6.1 Introduction  
 
In this last chapter we present preliminary results on the current-voltage (J-V) 
characteristics of in situ prepared devices. A detailed study on these measurements is 
currently in progress [1]. The devices used in this chapter consist of a C60 layer, 
approximately 300 nm thick, sandwiched between two metal electrodes. Extensive studies 
on the J-V characteristics of these samples may yield important device parameters such as 
the electron and hole injection barriers, and the importance of energetic disorder in the 
sample. These parameters give thus information about the electronic structure of the device. 
In preceding chapters we used photoelectron spectroscopy and literature values of inverse 
photoelectron spectroscopy [2]) ((I)PES) data to determine the electronic structure of 
gasses, solids and of interfaces. It is therefore interesting to apply both measurement 
methods, J-V as well as (I)PES, to one device, and compare the results. For example, one 
could record the (I)PES data during the device preparation, giving a complete energy 
diagram of the device. When the device is completed, it is characterized by J-V 
measurements, and several device parameters are extracted. Finally, the information about 
the electronic structure of the sample obtained from the two methods may be compared.  
It is important to perform both types of measurements on the same or comparable 
device structures, under similar conditions. This is essential since it was shown in the 
appendix of chapter 5 that the energy level alignment in these device structures strongly 
depends on the cleanliness of the metal substrate and the exposure of the sample to ambient 
conditions. This is a relevant point, since most (I)PES measurements are performed under 
UHV conditions, on sample prepared in situ. In contrast, in most other groups samples for 
J-V measurements are prepared under HV conditions and characterized in air or under the 
controlled atmosphere of a glove box. It is therefore expected that the large differences in 
the experimental conditions during sample characterization, and especially device 
preparation, will lead to different device properties [3]. Consequently we developed a way 
to prepare and characterize (by PES and J-V measurements) the samples under continuous 
UHV conditions. 
It is not within the scope of this chapter to describe the J-V characteristics in detail, 
as this will be done elsewhere [1].  Below we briefly mention a few aspects of charge 
transport in disordered organic semiconductors (for simplicity, only the effect of the 
majority charge carriers is considered). In general, the measured current through a 
metal/semiconductor/metal diode structure for a certain electric field will be either limited 
by the injection rate of charges at one the metal / organic interfaces, or by the bulk charge 
mobility of the organic semiconductor, or by a combination of both the injection process 
and the mobility. For organic semiconductors, the injection limited current is often 
described by the thermionic emission theory [4]. Crowell and Sze derived an equation for 
systems in which both the charge injection and bulk transport influence the current-voltage 
characteristics [4]. 
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 Whether the current is injection or bulk limited mainly depends on the values for the 
injection barrier (φB) and the mobility (µ). From (I)PES measurements an energy diagram 
was deduced for the Au / C60 and Ag / C60 interfaces from which the injection barriers may 
be deduced. However the mobility of the vacuum deposited layer is not known. If we 
assume that the current is injection limited, we may compare the barriers as obtained from 
the PES measurements the barriers determined from J-V measurements. 
Recently, Malliaras and Scott described the charge injection process at metal / 
organic interfaces [5]. They derived equation 6.1 for the net injected current. 
 
       
     (6.1)  
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Here C is term containing the electric field (E) and the mobility (µ),  φB is the injection 
barrier height and F is the electric field corrected for the Schottky lowering due to the 
image charge effect at the metal/organic interface. Note that this equation model only 
relates to the charge injection at a metal / semiconductor interface 
Currently there is a lot of interest in the charge transport properties of organic 
semiconductor devices and several (other) models have been proposed to model the 





The device structures were prepared and characterized in situ in the set-up ‘Poly II’ 
described in chapter 2. As mentioned in the second chapter we started with device 
structures as shown in figure 2.10. The advantage of this sample design is the relatively 
large top electrode. The size of this electrode is much larger than the spot size of the gas 
discharge lamp, therefore it would be possible to collect the UPS spectrum of the top 
electrode without contributions to the PES spectrum of other layers. This is essential if the 
UPS measurements are used to determine the work function and the possible presence of 
dipole layers at the metal / organic interface of the top electrode. However, the large size of 
the top electrode resulted in many short-circuited devices. To overcome the problem of the 
short-circuited devices, the size of the top electrode was decreased, see figure 2.11. The 
advantage of this design was besides the small top electrode, which decreased the chance of 
shorts in the devices, the possibility to make a  large number of devices on one sample 
plate, see figure 2.11. However, the reduced size of the top electrode has the disadvantage 
that it is impossible to correctly determine the work function, and possible dipole layers by 
PES. Note that this does not apply to the bottom electrode and the organic layer. To 
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determine the electron injection barrier of the devices from PES data , we used  energy 
diagrams reported in section 5.3.3, see figure 6.3. 
As sample substrate we used quartz, that was thoroughly cleaned using an ultra 
sonic bath and several organic solvents. The quartz plates were clamped on the sample 
plate with two metal strips (figure 2.11). A metal film, either Ag or Au, was vacuum 
deposited on the quartz plate (deposition rate: 1.5 nm/min, cell temperature ∼815 0C and 
∼930 0C, for Ag and Au respectively). The C60 layers, with a total thickness of 300±10 nm, 
were vacuum deposited on top (deposition rate: 0.5 nm/min, cell temperature ∼430 0C). 
Finally, the top electrode was again deposited on the organic layer. All layers were 
structured by using the shadow masking technique. During the vacuum deposition the 
pressure in the preparation chamber (p0 < 1×10-9 mbar) increased, but stayed below 2×10-8 
mbar. In this way samples such depicted in figure 2.11 were prepared. The deposition rate 
and total layer thickness were determined by calibrated quartz crystal balances (LTM’s). To 
calibrate the LTM’s we used an atomic force microscope (AFM) and a scanning electron 
microscope (SEM). Figure 6.1 shows a cross-section of a test device that was used to 
investigate the wettening and structure of the different layers, and to calibrate the LTM’s 
(this sample was not used for the reported J-V measurements). The J-V chamber, including 
the equipment to record the J-V characteristics, is described in and section 2.3.4.   
 
 
Figure 6.1 Scanning electron microscopy image of a cross-section of a C60 layer 
sandwiched between Ag (bottom electrode) and Au (top electrode), these structures were 
used to measure the current-voltage characteristics. 
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6.3 Results and discussion 
 
 Figure 6.2 presents the J-V characteristics of two different devices on a semi-log 
plot. One device is a so-called symmetric device, in which the C60 layer is sandwiched 
between two Au electrodes (full line). The other device consists of a Ag bottom electrode 
and a Au top electrode (broken line). The current density changes over more than 4 orders 
of magnitude if the applied field increases from 0 to ∼3.3×107 V/m. We assume that the 
samples are ‘electron-only’ devices. This assumption is justified by the relatively small 
electron injection barriers (0.2-0.5eV) compared to the hole injection barriers (>1.0eV) as 
determined from (I)PES measurements, which will be discussed below.   
 In reverse bias, electrons are injected from the top electrode. From the figure it is 
clear that under these conditions both the development of the current density, as well as the 
absolute magnitude of the current density for the two devices is similar. This is also 





Figure 6.2 Current-voltage characteristics of C60 devices prepared and measured  
in situ. In reverse bias, electrons are injected from the top electrode (Au); in 
forward bias from the bottom electrode: either Ag (dotted line) or Au (full line). The 
inset shows the current density in forward bias versus the square-root of the applied 
voltage.  
126 Chapter Six 
 By comparing the current densities under forward and reverse bias, we note that the 
so-called symmetric device does not give rise to symmetric J-V characteristics; in fact the 
asymmetric device seems closer to symmetric behavior! Asymmetric J-V characteristics for 
symmetric devices have been observed by others before, and is often attributed to 
deposition sequence [7]. The organic-on-metal interface is mostly more abrupt compared to 
the metal-on-organic interface. Shen and Kahn [7] showed that when Au is vacuum 
deposited on F16CuPc, a fluorinated copper phthalocyanine, Au diffuses into the organic 
matrix, which leads to band bending at this interface. In contrast, the organic-on-metal 
interface did not reveal any band bending. Watkins et al. [8] reported asymmetric injection 
barriers for Au/pentacene/Au devices and also ascribed this to inter-diffusion of Au at the 
metal-on-organic interface, leading to dissimilar work functions and dipole layers at either 
metal-organic interface. Inter-diffusion of Au atoms at the Au-on-C60 interface may also 







Figure 6.3 Energy diagram with the electron injection barrier(Φ) for C60 
deposited on Ag (a) and C60 on Au (b) as determined by UPS and IPES, see section 
5.3.3  for details. 
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 The inset in figure 6.2 presents the log of the current density versus the square root 
of the applied voltage (in forward bias). The apparent linear behavior is in correspondence 
with an injection limited current. As mentioned before, this behavior is expected for a 
system with a rather large charge injection barrier at the metal / semiconductor interface 
and a mobility that is not very low.  
 In order to estimate the electron injection barriers at the Au / C60 interface and the 
Ag / C60 interface, figure 6.3 shows the energy diagrams as discussed in section 5.3.3. The 
electron injection barrier is determined from the energy difference between the Fermi level 
of the metal electrode and the lowest unoccupied molecular orbital (LUMO) of the (thick) 
C60 layer; in analogy, the hole injection current is determined from the energy difference 
between the Fermi level of the metal electrode and the highest occupied molecular orbital 
(HOMO) of the (thick) C60 layer. This yields an electron injection barrier of 0.47 eV for the 
Au / C60 interface and 0.25 eV at the Ag / C60 interface. These injection barriers are 
reasonably large and may give rise to injection limited currents (up  to certain critical 
fields). However, it must be noted  that the presented J-V data cannot be used to prove 
whether the observed currents are injection or bulk limited, additional measurements are 
necessary to draw that conclusion. , 
 From figure 6.3 we see that the electron injection barrier of the Ag / C60 interface is 
smaller than the electron injection barrier at the Au / C60 interface. If we assume injection 
limited current for the moment, we expect a larger current density if Ag is used as injection 
electrode compared to Au as injection electrode. This is in agreement with the observed J-V 
characteristics.  
 In principle it is possible to verify the injection barriers extracted from (I)PES 
results by comparing them with temperature dependent J-V measurements. Although these 
measurements will be reported elsewhere, it is interesting to look  at some preliminary 
results, depicted in table 6.1[1]. The electron injection barriers as determined from (I)PES  
and J-V measurements are very similar for the Au / C60 interface. Yet, for the Ag / C60 
interface the injection barriers found by the two different techniques differ by a factor of 2. 
This may be related to differences in sample preparation: the sample used for UPS 
measurements was prepared by evaporation C60 on a sputter cleaned Ag plate, while the 
sample made for the J-V measurements was completely build in situ, including the Ag 
bottom electrode that was evaporated on the quartz substrate. This makes the above stated 
relation between the (I)PES determined barrier heights and the measured J-V characteristics 
uncertain. Future experiments may clarify these issues.  
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Table 6.1 Electron injection barriers (Φ in eV)  of single layer C60 devices as 
determined by UPS and temperature dependent current-voltage measurements with 
either Ag or Au as injecting electrode . 
 
injecting electrode injection barrier Φ (eV) 
  UPS    J-V (T) 
Ag 0.25  0.45 






 This chapter shows some initial results on current-voltage (J-V) measurements on 
devices prepared in situ with C60 as organic semiconductor and either Ag or Au as injection 
electrode. The J-V characteristics show that ‘symmetrical’ devices with a Au bottom and 
top electrode do not show symmetrical J-V characteristics. Under forward bias, the log of 
the current density is proportional to the square root of the applied electric field, which is 
indicative of injection limited currents. Temperature dependent J-V measurements on 
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